blastomeres, NT-4 mRNA was coinjected with the mRNA survival effect of NT-4 on these Xenopus spinal neurons in culture (Lohof, 1994) . for green fluorescent protein (GFP) (Chalfie et al., 1994; Heim et al., 1995) , and the presence of GFP fluorescence was used as an indicator of NT-4 expression. Overex-
Potentiation of Spontaneous Synaptic Activity
In 1-day-old cocultures of Xenopus spinal neurons and pression of NT-4 in cultured neurons and myocytes was confirmed by immunocytochemical staining. Examples myotomal myocytes, miniature excitatory postsynaptic currents (MEPCs) can be recorded from postsynaptic of NT-4-overexpressing (ϩ) and control (Ϫ) cells are shown in Figure 1 . The reliability of using GFP as a myocytes by the whole-cell recording method. These MEPCs are known to be induced by spontaneous secremarker for NT-4 expression was shown by the finding that 93% of GFP-expressing cells (39/42 cells, two cultion of transmitter from the presynaptic nerve terminal, and their frequency is not affected by the extracellular tures) showed clear staining of NT-4, while 92% (24/26 cells, two cultures) of cells not expressing GFP exhibited presence of tetrodotoxin (Xie and Poo, 1986; Song et al., 1997) . Figure 2A shows examples of recordings of undetectable NT-4 staining. As illustrated in Figures 1D and 1E, myocytes exhibiting GFP fluorescence showed MEPCs from an Mϩ and an MϪ synapse in a 1-day-old culture. Overall, we found that the frequency of MEPCs clear NT-4 staining, and high level fluorescence was found in the myocyte that showed prominent staining at Mϩ synapses was significantly higher than that observed at MϪ synapses ( Figure 2B ). Interestingly, overof . For the present study, we only used myocytes with bright GFP fluorescence similar to the Mϩ cell expression of NT-4 in presynaptic neurons had no obvious effect on the MEPC frequency, suggesting that only shown in Figures 1D and 1E . For control myocytes, we used those with no detectable GFP fluorescence. Expostsynaptically derived NT-4 exerted an influence on the frequency of MEPCs ( Figure 2B ). The effect on MEPC pression of exogenous NT-4 promoted the survival of spinal neurons in these cultures, since the number of frequency appeared to reflect an increased probability of spontaneous release of transmitter from the presynneurite-bearing cells showed a marked increase in cultures prepared from NT-4 mRNA-injected embryos as aptic nerve terminal. This was supported by the observation that no significant difference was found in the mean compared to those from control uninjected embryos (data not shown). This is consistent with a long-term amplitude (631 Ϯ 63 pA, SEM, n ϭ 33 and 508 Ϯ 43 pA, The same data sets as those shown in Figure 2 were used. The cumulative probability refers to the fraction of total events with amplitudes smaller than a given amplitude. Data points represent mean Ϯ SEM. There was no significant difference between the two distributions (p Ͼ 0.5; Kolmogorov-Smirnov test).
SEM, n ϭ 33, respectively; p Ͼ 0.1, t test) and in the amplitude distribution of MEPCs between Mϩ and MϪ synapses ( Figure 3 ). In control experiments using cultures sage had no effect on the MEPC frequency ( Figure 2B ).
recorded from a synapse made on a myocyte derived from blastoWhen TrkB-IgG (1 g/ml), a recombinant protein that meres injected with NT-4 and GFP mRNA (marked Mϩ) and a synbinds to NT-4 (Shelton et al., 1995; Cabelli et al., 1997) , apse on a myocyte derived from uninjected blastomeres (marked was added to the culture 1 hr before the onset of the MϪ). The recordings were obtained in the same 1-day-old culture using the whole-cell voltage clamp recording method (V h ϭ Ϫ70 mV, recording, the elevated level of MEPC frequency per- : the same as in the above group, except that TrkB-IgG (1 g/ml) was added into the culture from the synaptic transmitter secretion, which results from a time of cell plating (1 day before the recording). NT-4 ϩ GFP (TrkAlong-term action of secreted NT-4 at the synapse and NT-4 ϩ GFP (TrkB-IgG 1 ), except that TrkA-IgG (1 g/ml) was used.
In addition to the marked elevation in the MEPC fre-NT-4 ϩ GFP (NT-4*): exogenous human recombinant NT-4 (100 ng/ quency, we noted that the decay time of MEPCs was ml) was applied to the culture 30 min before recording and present also prolonged at Mϩ synapses (Figures 2A and 2B an increase in the total charge carried by each MEPC in the postsynaptic myocyte ( Figure 2B ). As shown below, this prolonged decay time could be attributed to the action of NT-4 on the burst duration of postsynaptic ACh channels. Interestingly, unlike that found for the MEPC frequency, the effects on the decay time and the total MEPC charge at Mϩ synapses were abolished when TrkB-IgG was added 1 hr before the recording and throughout the 2 hr recording period. The effect of TrkB-IgG was specific, since similar treatments with TrkA-IgG had no effect ( Figure 2B ). Furthermore, application of exogenous human NT-4 (100 ng/ml) did not further increase the decay time and total charge at Mϩ synapses. These findings suggest that the postsynaptic ACh channel opening kinetics are under immediate regulation by NT-4 secreted from the myocyte, while the NT-4 action on the frequency of spontaneous transmitter secretion is a long-term effect that persists for at least 1 hr after the depletion of extracellular NT-4.
Enhancement of Evoked Synaptic Transmission
The effect of NT-4 overexpression on evoked excitatory postsynaptic currents (EPCs) was also examined. As shown by examples in Figure 4A , there was a significant reduction in the fluctuation of EPC amplitude at the Mϩ synapse as compared to the MϪ synapse. This was quantitatively shown as a reduction in the coefficient of variation (CV), defined as the ratio of the standard deviation to the mean value of the peak EPC amplitude ( Figure 4B ). The mean EPC amplitude appeared to be slightly higher in Mϩ synapses (2.3 Ϯ 0.3 nA, SEM, n ϭ in the same manner as that described for Figure 2B . CV is defined Similar to that found for the frequency of MEPCs, the as the standard deviation divided by the mean peak value. Values for the total charge of each EPC were normalized to the mean value presence of TrkB-IgG for 1 hr before the recording and observed at corresponding MϪ synapses. All data are mean Ϯ SEM; throughout the 2 hr recording period had no neutralizing an asterisk marks data that were significantly different from correeffect on the reduction of CV ( Figure 4B ). Therefore, the involves long-lasting changes, most likely in the presynaptic secretion machinery. On the other hand, the inpatch recording method. Consistent with previous recreased decay time and charge carried by the EPCs ports (Young and Poo, 1983; Brehm et al., 1984 ; Lu et were abolished by adding TrkB-IgG (1 g/ml) but were al. Fu, 1994) , two populations of ACh channels not affected by adding TrkA-IgG to the culture medium were observed in these myocytes in 1-day-old culture: 1 hr before the recording and throughout the 2 hr rea predominant population of low conductance channels cording period ( Figure 4B ). This suggests an immediate (mean conductance 30.8 Ϯ 1.5 pS, SEM, n ϭ 9) with action of postsynaptically secreted NT-4 on the properlong burst duration and a minor population of high conties of synaptic currents. Furthermore, application of ductance channels (mean conductance 54.6 Ϯ 1.5 pS, exogenous human NT-4 (100 ng/ml) did not further inn ϭ 9) with short burst duration. We found that overexcrease the decay time at Mϩ synapses ( Figure 4B ). This pression of NT-4 in the myocyte specifically increased change in the decay time of EPCs is consistent with the mean burst duration of the low conductance chanthat found for the decay time of MEPCs, suggesting nel, without affecting that of the high conductance chanthat NT-4 acts postsynaptically to regulate the opening nel (Figures 5A and 5B) . No significant change in the properties of myocyte ACh channels.
amplitude of single channel currents was observed for either type of ACh channel ( Table 1 ), indicating that the single channel conductance was not affected by NT-4.
Effects on Postsynaptic ACh Channels
To characterize further the postsynaptic effect of NT-4, The percentage of high conductance events was not significantly different between NT-4-overexpressing single channel recordings of ACh channels were performed on isolated myocytes using the cell-attached and control myocytes (14% versus 19%, p Ͼ 0.1, t test).
modulates AChRs through a TrkB-mediated signal transduction pathway.
Effects of Exogenous NT-4
Previous studies have shown that application of exogenous BDNF and NT-3 to these Xenopus cultures resulted in a potentiation of spontaneous and evoked synaptic activities (Lohof et al., 1993; Stoop and Poo, 1996) . In the present work, we further tested the effect of exogenously applied NT-4. Human recombinant NT-4 was applied to control cultures (made from uninjected embryos) at a final concentration of 150 ng/ml, and the effects on MEPCs and EPCs were examined. We found that the frequency of MEPCs after 30 min treatment of NT-4 was 410% Ϯ 140% (SEM, n ϭ 8) of that observed during the control period before the NT-4 treatment. Furthermore, the amplitude of EPCs was increased to 155% Ϯ 20% (SEM, n ϭ 6) of that observed during the control period. The CV of EPCs, however, remained unchanged (105% Ϯ 37%, SEM, n ϭ 6). The decay time of the synaptic currents was also increased slightly to 120% Ϯ 8% (SEM, n ϭ 8) of the control value. When K252a (200 nM), an inhibitor of the TrkB signal transduction pathway, was present in the medium, the effects of NT-4 were abol- It has been shown that depolarization of hippocampal neurons by high K ϩ or veratridine leads to an enhanced neurotrophin secretion in both cultures and brain slices Continuous presence of secreted NT-4 in the culture appeared to be necessary for the lengthening effect on (Blö chl and Thoenen, 1995; Goodman et al., 1996) . In the present study, we examined directly whether synaptic the burst duration, since incubation of the culture with TrkB-IgG (1 g/ml) during the recording period abolactivity can enhance release of neurotrophin at the synaptic site and whether the released neurotrophin is suffiished the effect ( Figure 5B and Table 1 ). Thus, NT-4 secreted from the myocyte may exert an immediate "aucient to modify synaptic efficacy. The presynaptic neuron was extracellularly stimulated at the soma by a train tocrine" action on opening properties of postsynaptic ACh channels. It is known that NT-4 binds to TrkB, a of 50 stimuli (2 Hz for 25 s), and EPCs were monitored before and after the stimulation. As shown by the examreceptor tyrosine kinase, in the plasma membrane of responsive cells (Ip et al., 1993) . When a TrkB inhibitor, ple in Figure 6A , the EPC amplitude after repetitive presynaptic stimulation at Mϩ synapses was significantly K252a (200 nM), was added into the culture during the period of recording, no increase in the burst duration higher as compared to that at MϪ synapses. At these developing synapses, repetitive test stimuli are known of ACh channels was observed in NT-4-overexpressing myocytes ( Figure 5B and Table 1 ), suggesting that to result in a gradual synaptic depression even for low synaptic transmitter secretion. However, the mean decay time of MEPCs from Mϩ synapses was significantly frequency test stimulation (Lo and Poo, 1991; Dan and increased after stimulation as compared to that from Poo, 1992b; Cash et al., 1996) . The difference in normal-MϪ synapses (Figure 7 ). This effect on the decay time ized EPC amplitude between Mϩ and MϪ synapses was was abolished by the presence of TrkB-IgG, but not by significant during the period 5-15 min after the repetitive the presence of TrkA-IgG, during the recording, indicatstimulation ( Figure 6B; p Ͻ 0.05, t test) .
ing that activity-induced release of NT-4 from postsynaptic myocytes had also exerted an autocrine regulation The apparent difference of posttetanic EPC amplitude of AChRs in the postsynaptic membrane. Finally, we suggesting presynaptic potentiation of transmitter secretion. Interestingly, NT-4 overexpression in the prefound that effects of repetitive activity on both EPC amplitude and MEPC decay time at Mϩ synapses disapsynaptic neuron had no apparent effect. This suggests that only NT-4 released from the postsynaptic myocyte, peared when exogenous human NT-4 (100 ng/ml) was added to the culture medium 30 min before the recording either constitutively or driven by spontaneous synaptic activities, serves to modulate synaptic functions in the and present throughout the experiment. The EPC amplitude and MEPC decay time were both increased within present experimental condition. This lack of effect of NT-4 overexpression in the presynaptic neuron was pre-30 min after adding exogenous NT-4 (see above). Thus, the potentiation by exogenous NT-4 had apparently ocsumably due to a limited amount or a failure of NT-4 secretion from the nerve terminal. cluded further effects by activity-induced secretion of endogenous NT-4. Such occlusion could result from a Synaptic potentiation at Mϩ synapses reflects a longlasting change in the secretion machinery, since the saturation of binding sites of TrkB receptors by exogenous human recombinant NT-4, which prevented the presence of TrkB-IgG for 1 hr before the recording and throughout the 2 hr recording period did not reverse the action of released NT-4.
In a separate series of experiments, we found that potentiation effect. Previous studies have shown that synaptic potentiation resulting from short-term expodirect stimulation of postsynaptic myocytes with step depolarizations (ϩ80 mV, 5 ms duration, 6 Hz for 2 min) sure to neurotrophins is reversible upon removal of these exogenous factors (Lohof et al., 1993 ; Stoop and also resulted in a significant increase in EPC amplitude at Mϩ synapses but not at MϪ synapses ( Figure 6B) . . The apparent lack of immediate reversibility of NT-4 effect may result from the fact that neurons of This direct postsynaptic stimulation appeared to be less effective than presynaptic excitation in triggering Mϩ synapses had been exposed to the NT-4 for a much longer period of time in culture. Indeed, long-term treatsecretion from the postsynaptic myocyte, since a larger number of stimuli were required to induce a significant ment of these Xenopus synapses with exogenous neurotrophins was known to induce maturation of synaptic synaptic potentiation, and the potentiation appeared to be more transient. Nevertheless, these results demonfunctions (Wang et al., 1995) . There is also evidence that activity-dependent expression and release of NT-3 may strated that both pre-and postsynaptic activity could result in a potentiation of synaptic transmission at Mϩ be involved in the development and/or maintenance of release properties of Xenopus synapses in cultures (Liou synapses.
and Fu, 1997; Xie et al., 1997) . Although exogenously applied BDNF produced similar presynaptic effects as Discussion NT-4, further experiments are required to determine whether overexpression of BDNF in the postsynaptic In this study, we have examined the potential role of myocyte will result in similar synaptic effects as that neurotrophins in the activity-dependent synaptic modureported here. While BDNF and NT-4 bind to the same lation. Through experimentally elevating the level of exTrkB receptor, differential effects of BDNF and NT-4 on pression of NT-4 in embryonic Xenopus nerve and musdendritic growth in different layers of visual cortex and cle cells, we have examined the hypothesis that synaptic on neuronal migration in embryonic neocortex have efficacy can be regulated by neurotrophins secreted been reported (McAllister et al., 1995; Brunstrom et al. , from the postsynaptic cell. The results indicate that NT-4 1997) . secreted from the postsynaptic myocyte causes a potentiation of presynaptic transmitter secretion as well as an enhancement of the postsynaptic response to the Postsynaptic Effects transmitter. Thus, target cell-derived neurotrophins may
In addition to the potentiation of presynaptic transmitter serve for both retrograde and autocrine modulation at release, we also observed an enhanced postsynaptic the synapse. It should be noted that the present artificial response at Mϩ synapses. This was shown by the inexpression system was used to test the existence of creased decay time and total charge associated with potential cellular mechanisms, which may support the synaptic currents. In hippocampal cultures, Levine et al. postulated role of neurotrophins as synaptic modula- (1995) found that exogenously applied BDNF enhanced tors. Whether endogenous neurotrophins indeed play a postsynaptic responses to glutamate, an effect that was modulatory function at developing neuromuscular juncshown to depend on the activation of postsynaptic TrkB tions was not addressed in the present study.
receptors. Using the single channel recording method, we have shown that NT-4 overexpression in myocytes specifically increased the mean burst duration of low Presynaptic Effects Bath application of exogenous NT-4 at these developing conductance AChR channels. This NT-4 effect on ACh channels depends on the continued presence of the Xenopus neuromuscular synapses led to a marked increase in the MEPC frequency and EPC amplitude, simifactor in the extracellular space and requires activation of a TrkB-mediated signal transduction pathway. lar to those found for exogenous BDNF on these synapses (Lohof et al., 1993; Stoop and Poo, 1996) . These Activation of various protein kinases, including protein kinase A (PKA), protein kinase C, and protein tyrosine effects were attributed to a potentiation of presynaptic transmitter secretion. In the present study, we found an kinases, is known to result in an increase in the rate of agonist-induced desensitization of nicotinic ACh chanincreased MEPC frequency and reduced fluctuation of evoked synaptic transmission at Mϩ synapses without nels (Eusebi et al., 1985; Huganir et al., 1986; Hopfield et al., 1988; Roa and Changeux, 1991) . PKA-dependent significant change in the amplitude distribution of MEPCs, phosphorylation was found to increase the opening fremyocytes were voltage clamped at resting level, while presynaptic neurons were repetitively stimulated. Thus, quency and duration of purified ACh channels incorporated into the lipid bilayer (Ferrer-Montiel et al., 1991) .
the effect of stimulation is attributed to activation of postsynaptic ACh channels, which are known to be A neuropeptide, calcitonin gene-related peptide, enhances the postsynaptic response at the neuromuscular highly permeable to Ca 2ϩ (Decker and Dani, 1990) . Local activation of postsynaptic ACh receptors and the assosynapse in these Xenopus cultures by increasing the burst duration of ACh channels through a PKA-mediated ciated Ca 2ϩ influx may be more effective in triggering NT-4 secretion than that induced by direct postsynaptic pathway (Lu et al., 1993) . The present result is thus consistent with the following sequence of events: binddepolarizations, which allowed Ca 2ϩ influx through voltage-dependent Ca 2ϩ channels over the entire myocyte. ing of secreted NT-4 to the myocyte TrkB receptor activates a TrkB-mediated signal transduction pathway, Interestingly, synaptic activation was also found to be more effective than direct postsynaptic depolarizations which in turn activates cytosolic serine/threonine or tyrosine kinases, resulting in the phosphorylation of ACh in activity-induced long-term depression of these synapses (Lo and Poo, 1991; , which is trigchannels and the modification of their opening properties. Neurotrophins NGF and NT-3 have been shown to gered by postsynaptic elevation of Ca 2ϩ (Dan and Poo, 1992b; Cash et al., 1996) . The observation of the elestimulate Ca 2ϩ -dependent K ϩ channels within minutes following acute treatment of cortical neurons (Holm et vated spontaneous synaptic activity at Mϩ synapses is consistent with synaptic potentiation induced by constial., 1997). Over longer duration, neurotrophins are also known to regulate the expression of voltage-gated ion tutively released NT-4 during the first day of culture, although membrane depolarizations associated with channels as well as transmitter receptors (Dichter et al., 1977; Mandel et al., 1988; Henderson et al., 1994; Lesser MEPCs, which are known to begin soon after nervemuscle contact (Xie and Poo, 1986) , may also contribute and Lo, 1995).
Exogenous human NT-4 appears to be less effective significantly in triggering NT-4 secretion. in increasing the decay time of synaptic currents than that produced by endogenous overexpression of XenoTrophic Effects Versus Acute Actions of NT-4 pus NT-4. Treatment with 150 ng/ml of human Neurotrophin is known to promote the survival and produced about a 20% increase in the decay time, while growth of specific populations of neurons. Indeed, culthe decay time at Mϩ synapses was 35% longer than tures prepared from embryos overexpressing NT-4 usuthat in MϪ synapses (Figure 2) . Moreover, at Mϩ synally contained more neurons than those from control apses, repetitive stimulation resulted in a further inembryos. Our observation of the elevated frequency of crease in the decay time, while treatment of Mϩ synMEPCs and the reduced CV of EPC amplitudes at Mϩ apses with 100 ng/ml of human NT-4 produced no synapses is consistent with a long-term trophic effect further increase in the decay time (Figures 2 and 4) , of NT-4 on the secretion machinery. This was supported although such treatment occluded the further decay by the finding that acute treatment of the culture with time increase by repetitive presynaptic stimulation (Fig- TrkB-IgG was ineffective in reversing these presynaptic ure 7). Since NT-4 is the least conserved among all effects on secretion at Mϩ synapses, while incubation neurotrophins (Ibañ ez, 1996) and the exogenous NT-4 of cultures with TrkB-IgG from the beginning of cell used is a recombinant human form of the protein, it is culturing was effective. However, several forms of synpossible that this human NT-4 binds to Xenopus TrkB aptic modifications observed at Mϩ synapses can not receptors but is not as effective as Xenopus NT-4 in be attributed to long-term trophic effects of NT-4, and triggering the TrkB signal transduction pathway that the existence of acute actions of NT-4 secreted from leads to modulation of ACh channels.
the myocyte was clearly shown. First, addition of TrkBIgG in the medium during recording abolished postsynActivity-Dependent Synaptic Modification aptic actions of NT-4 on the decay time and channel The present study directly addressed the hypothesis kinetics. Second, potentiation of EPC amplitudes and that synaptic activity can induce neurotrophin release increased decay time of synaptic currents resulting from from postsynaptic cells and the released neurotrophin repetitive presynaptic stimulation was abolished by the molecules in turn can modulate synaptic functions. We acute application of TrkB-IgG and was occluded by the have shown that repetitive stimulation of the presynaptic acute addition of human recombinant NT-4 into the meneuron at Mϩ synapses elevated the postsynaptic redium during the recording. Thus, NT-4 secreted during sponse, an effect that can be abolished by adding TrkBthe recording period is responsible for the immediate IgG into the recording medium. Repetitive postsynaptic synaptic modulation. It should be noted that long-term depolarization, which has been shown to enhance quanmodulation of synaptic functions is likely to be an intetal secretion of false transmitter from these myocytes gral part of the trophic action of neurotrophins. Trans- (Dan and Poo, 1992a) , also leads to a transient potentiaport of target-derived neurotrophin signals to the nucleus tion of evoked synaptic transmission. Thus, repetitive of the pre-or postsynaptic cell could be responsible for depolarization of either the presynaptic or postsynaptic regulating the expression of various proteins involved cell appears to enhance NT-4 release from the postsynin synaptic transmission (Nawa et al., 1997) . The interestaptic myocyte, and the released NT-4 in turn potentiates ing issue that remains to be resolved is whether and evoked synaptic transmission.
how long-term global changes resulting from gene reguPresynaptic stimulation was more efficient than direct lation in the pre-and postsynaptic cells can convey a postsynaptic depolarization in inducing synaptic potentiation. In experiments shown in Figure 6 , postsynaptic target-specific synaptic modulation. serve for both retrograde presynaptic modulation as were performed as previously described (Young and Poo, 1983;  well as for autocrine postsynaptic modulation and that Brehm et al., 1984; Lu et al., 1993; Fu, 1994 (Lu et al., 1992; Alder et al., 1995) . Capped NT-4 and GFP time shorter than 500 s for high conductance ACh channels or 1 mRNAs were prepared from pSP64(poly(A))/Xenopus NT-4 gene and ms for low conductance ACh channels were not analyzed because pSP64(poly(A))/GFP (S65T) plasmid using SP6 in vitro transcription of possible attenuation and distortion. kit (mMESSAGE mMACHINE, Ambion Inc.). Xenopus NT-4 gene was provided by B. Lu (NIH). Wild-type GFP cDNA was provided by M.
